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Abstract

The NASA Langley Configuration Aerodynamics Branch, in cooperation with Allison, BF Goodrich

Aerospace, Boeing, General Electric, Northrop-Grumman, Pratt & Whitney, and Rolls-Royce, has

completed an experimental investigation to study the static aerodynamic performance of innovative thrust

reverser concepts applicable to high-bypass-ratio turbofan engines. Testing was conducted on a

conventional separate-flow exhaust system configuration (forward thrust baseline), a conventional

cascade thrust reverser configuration (reverse thrust baseline), and six innovative thrust reverser

configurations. The innovative thrust reverser configurations tested consisted of a cascade thrust reverser

with porous fan-duct blocker, a blockerless thrust reverser, two core-mounted target thrust reversers, a

multi-door crocodile thrust reverser, and a wing-mounted thrust reverser. Each of the innovative thrust

reverser concepts investigated offer potential weight savings and/or design simplifications over a

conventional cascade thrust reverser design. Testing was conducted in the Jet-Exit Test Facility at NASA

Langley Research Center using a 7.9%-scale exhaust system model with a fan-to-core bypass ratio of

approximately 9.0. All tests were conducted with no external flow and cold, high-pressure air was used to
simulate core and fan exhaust flows. Results show that the innovative thrust reverser concepts achieved

thrust reverser performance levels which, when taking into account the potential for system simplification

and reduced weight, may make them competitive with, or potentially more cost effective than current

state-of-the-art thrust reverser systems.

Introduction

Although used for only a fraction of airplane operating time, the impact of thrust reverser systems on
commercial aircraft nacelle design, weight, engine maintenance, airplane cruise performance, and overall

operating and maintenance costs is significant. For example, the weight of a conventional cascade thrust

reverser system installed in a bypass ratio (BPR) 9 engine nacelle is approximately 1,500 pounds per

engine. During cruise flight, losses due to flow leakage and pressure drops across stowed reverser

hardware are estimated to reduce specific fuel consumption by 0.5% to 1.0%. Furthermore, the amortized

cost of a thrust reverser system on a 767 aircraft is approximately $125,000 per airplane per year (ref. I).

While their penalties may be significant, thrust reverser systems remain a necessary commodity for

most commercial aircraft. This is because thrust reverser systems provide additional stopping force,

added safety margins, and increased directional control during landing rolls, rejected takeoffs, and ground
operations on contaminated runways where wheel braking effectiveness is diminished. In fact, airlines

consider thrust reverser systems essential to achieving the maximum level of aircraft operating safety

(ref. 1).

The conventional cascade thrust reverser is commonly used on commercial aircraft equipped with

high-bypass-ratio (5<BPR<9) turbofan engines. Cascade thrust reversers are known for their high degree

of structural integrity, reliability, and their tolerance to various aircraft applications. Cascade thrust

reversers are typically used to block engine fan flow (the fan accounts for approximately 80% of engine

thrust for a BPR 9 engine) to produce reverse thrust. Cascade thrust reversers can also be used to block

engine core flow; however, such applications are rare due to operation and maintenance difficulties
associated with a cascade thrust reverser operating in a hot core exhaust environment. As illustrated in

figure 1, the cascade thrust reverser uses blocker doors, actuated by the motion of a translating sleeve, to
block the engine fan flow. The sleeve translates aft to expose cascade vanes (mounted around the

perimeter of the engine nacelle) that redirect the engine fan flow forward to produce reverse thrust.

Photographs of a conventional cascade thrust reverser installed on the NASA 757-200 aircraft are

presented in figure 2.



In responseto demandsfor increasedthrustlevelsand/orhigherpropulsiveefficiency,thecurrent
trendin enginedesignis progressingtowardsvery-high-bypass-ratios(BPRon theorderof 12to 15).
Designersarefacedwith therealitythatconventionalcascadethrustreversersmaybecomeexceedingly
heavyanddifficultto integrateintonacelleshousingsuchlargeengines.Theinterestin innovativethrust
reversersystemsisbasedonthepremisethathighthrustreversereffectivenesslevelsmaynotberequired
with very-high-bypass-ratioenginesto achievethenecessaryaircraftstoppingforce. This is becausea
substantialamountof theaircraftstoppingforce is achievedfrom theramdragof the largeengine
nacelleswhenthethrustis spoiled. In light of this, thereis tremendousincentiveto investigatethe
potentialfor simpler,lighterweightthrustreversersystems.

In responseto a challengefromindustryto providea"technologyinjection"to thrustreverserdesign,
theNASA LangleyConfigurationAerodynamics Branch conducted a cooperative test program with

industry to investigate innovative thrust reverser concepts that offer potential weight savings and/or

design simplifications over conventional cascade thrust reverser systems. Industry partners in this test

program included Allison, BF Goodrich Aerospace, Boeing, General Electric, Northrop-Grumman, Pratt

& Whitney, and Rolls-Royce. Candidate thrust reverser concepts for the NASA Innovative Thrust

Reverser Test Program were proposed with industry partners. Six of the most promising concepts,
presented in figure 3, were downselected for testing. The concepts tested consisted of a cascade thrust

reverser with porous fan-duct blocker, a blockerless thrust reverser, two core-mounted target thrust

reversers, a multi-door crocodile thrust reverser, and a wing-mounted thrust reverser. These innovative

concepts attempt to simplify thrust reverser design, reduce weight, and/or improve overall propulsion
system performance by eliminating some of the mechanisms and nacelle design compromises that cause

engine performance losses during cruise operation. These loss mechanisms include leakage, blocker

scrubbing drag, linkage complexities and weight associated with the cascades, translating sleeve, blocker
doors, etc.

The cascade thrust reverser with porous blocker is intended to simulate a blocker concept that would

be lightweight, yet still spoil the thrust of the flow which leaks through the porous blocker door. The

blockerless thrust reverser offers additional weight savings by eliminating the blocker doors and replacing

them with diverter jets (powered by core bleed air) to block the engine fan flow. The annular (metal)

target thrust reverser relocates the reverser hardware to the core cowl, offering potential reductions in

reverser and nacelle weight while allowing the nacelle lines to be optimized for cruise aerodynamics. The

fabric target thrust reverser is also core-mounted, but offers additional weight savings by utilizing a

lightweight fabric target. Each of the core-mounted thrust reverser concepts utilize a post-exit target that
deploys out of the core cowl to Capture the fan flow and redirect it forward to produce reverse thrust. The

multi-door crocodile thrust reverser has a set of inner and outer fan-cowl mounted doors, hinged at the
door trailing edge, that rotate to block the fan duct and redirect the fan flow forward to produce reverse

thrust. The wing-mounted thrust reverser uses one or more flow deflectors deployed from the wing to

capture and reverse the engine exhaust fl0w. By removing the thrust reverser system from the nacelle, the

wing-mounted thrust reverser concept offers the nacelle designer more options for improving nacelle

aerodynamics and propulsion-airframe integration, simplifying nacelle structural designs, reducing

nacelle weight, and improving engine maintenance access.

No attempt has been made to address the practicality of these thrust reverser concepts in regards to

mechanical complexity (such as actuation linkages and kinematics, structural/thermal considerations, and

integration with the airframe and aircraft/engine systems) other than to acknowledge that these issues do

exist and represent challenges to the successful implementation of these concepts.

The purpose of this report is to document the results from testing each of the six innovative thrust



reverserconcepts.Parametric vari,'itions of key design parameters were investigated for each concept.
The cascade thrust reverser configurations included conventional blocker mechanisms with varying

leakage and innovative blockers with up to 50% porosity. Geometric variations for the blockerless thrust
reverser included diverter jet type, number, location, size, and angle. Coanda flow turning surfaces were
also tested in lieu of the cascade vanes for the blockerless thrust reverser concept. Parametric variables

for the annular (metal) target thrust reverser included target angle, target to nozzle exit spacing (reverser
flow area) and a target kicker plate. The fabric target thrust reverser design variables included the

nominal target angle and fabric length. The multi-door crocodile thrust reverser design variables included

reverser port size, door deployment angle, outer door cutback (size), kicker plates, fences, bullnose radius,

and axial leakage. The wing-mounted thrust reverser design variables included flow deflector angles and

chord length, optional deflector fences, and the mount angle of the deflector system (normal to the engine

centerline or parallel to the trailing edge of the wing).

Symbols

All forces and moments are referred to the model centerline (body axis). The model (balance) moment

reference center was located at model station 5.500. A discussion of the data reduction procedure,

definitions of force and moment terms, and propulsion relationships used herein can be found in reference
.

Acore

Aw_

hrev

AR

b

CA

Ci

Cm

C_

CNPR

C.

Cr

C,

Cy

core nozzle throat area, 6.76 in2

fan nozzle throat area, 33.90 in 2

multi-door crocodile thrust reverser port minimum area, in 2

thrust reverser exit area, in2

reverser area ratio, A_,./Af,,

wingspan, 199.71 in.

axial force coefficient, FA/(p,,S/2)

rolling moment coefficient, Rolling moment/(po(b/2)(S/2))

pitching moment coefficient, Pitching moment/(po_S/2)

normal force coefficient, FN/(poS/2)

core nozzle pressure ratio, Pt..... /Po

yawing moment coefficient, Yawing moment/(po(b/2)(S/2))

root chord length, 34.14 in.

tip chord length, 10.25 in.

side force coefficient, Fs/(p.S/2)



c

dmax

FA

F'co_

F_

Fi.col'_

Fi £an

FN

F_PR

Fi,rev

F_

Frev

Fs

Ftot,_l

g

hd

h_,p

h_

IPR

local chord length, in.

mean aerodynamic chord, 24.33 in.

maximum nacelle diameter, 11.42 in.

corrected balance axial force, Ibf

core nozzle forward thrust, Ibf

fan nozzle forward thrust, lbf

sum of ideal isentropic core and fan nozzle thrusts, Fi..... +Fi.fan, lbf

ideal isentropic core nozzle thrust,

RjTt,core 2yWp,core g2 y - 1

ideal isentropic fan nozzle thrust,

RjTt,f,,, 2yWp.fan g2 g - 1

lbf

, lbf

corrected balance normal force, positive upward, Ibf

fan nozzle pressure ratio, P,Sa.,/Po

isentropic gross reverse thrust, FA+Fi..... lbf

resultant thrust, _F_ + F_ + F_,, lbf

gross reverse thrust, FA+Fcore,lbf

corrected balance side force, positive to right when looking upstream, ibf

total nozzle (fan+core) forward thrust, Ibf

acceleration due to gravity, 32.17 ft/sec 2

upstream fan duct height (used herein as a reference length), 2.25 in.

ground plane height, in.

blockerless thrust reverser tab height, in.

blockerless thrust reverser injection pressure ratio, same as CNPR, P,.¢ordPo
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It

1o

lp

ls

Po

Pt,core

Pt.fan

aj

r

S

TI,core

T,.ran

Wa

Wb

Wbl

Wcas

wf

Wi,core

multi-door crocodile thrust reverser outer door cutback length, in.

wing-mounted thrust reverser deflector chord length, in.

multi-door crocodile thrust reverser kicker plate overhang length, in.

multi-door crocodile thrust reverser port length, in.

target thrust reverser shim length, in.

test cell ambient pressure, psia

average jet total pressure for core flow, psia

average jet total pressure for fan flow, psia

gas constant (for _,=1.3997), 1716ft2/sec2-°R

multi-door crocodile thrust reverser port bullnose radius, in.

full-span wing reference area, 4431.27 in2

average jet total temperature for core flow, °R

average jet total temperature for fan flow, °R

multi-door crocodile thrust reverser port aft width, in.

multi-door crocodile thrust reverser bullnose width, in.

core bleed weight-flow rate, Ibf/sec

blockerless thrust reverser cascade vane weight flow-rate, Wp.,,,,-w..... lbf/sec

multi-door crocodile thrust reverser port forward width, in.

computed ideal isentropic core weight-flow rate,

(Acore,/ _[ 2 "_2(y-0j yg2 forCNPR>I.89,
)tPt'c°reJ ,./[_-_-_'_l/ Ti,core Rj

1

/Acor )/p _[1____7 [ 27g L,' Jt ',c°r_S_CNPR] _(7-1)T,,cor< Rj J
for CNPR < 1.89, lbf/sec
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W i_a n

Wi._v

Wp.core

Wp,fan

Wp,tol

Ws

Wsp

X

Xt

Y

z

A

,/

computed ideal isentropic fan weight-flow rate in forward thrust,

y+l

for FNPR > 1.89,
(A,_m)(Pt,,.n Tt,fa. Rj

- i

/' 1 "_y-t 2yg [ / 1 _a_-_-l) Y(Af"')(Pt"_a")_] (7-1) T,,fa. Rj I-_,F--_R)

computed ideal isentropic fan weight-flow rate in reverse thrust,

y+[

for FNPR > 1.89,
(A,_,')(Pt,r,_. _ Tt.ra_ R.i

](Arev)(Pt'fan)_ FNPR] iY-1) T,,ra,, Rj _,FNPR) for FNPR_< l.g9, Ibf/sec

blockerless thrust reverser injection weight-flow rate, equal to Wp..... Ibf/sec

blockerless thrust reverser fan exhaust nozzle weight-flow rate (computed from total
pressure measurements taken at fan nozzle exit), lbf/sec

measured core (primary) weight-flow rate, lbf/sec

measured fan (secondary) weight-flow rate, lbf/sec

sum of measured core and fan weight-flow rates, Wp.... +_Vv,fa n, lbf/sec

blockerless thrust reverser injection slot width, in.

multi-door crocodile thrust reverser port spacer width, in.

axial distance measured from MS 33.75, positive downstream, in.

axial distance measured from MS 33.75 to core-mounted target, in.

lateral distance measured from model centerline, positive to right when looking upstream,
in.

vertical distance measured from WL 0.00, positive upward, in.

local wing sweep, deg

thrust reverser area match parameter

ratio of specific heats, 1.3997 for air

for FNPR < i.89, Ibf/sec
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T] fanid

Y]rev

L

0

P

Subscripts:

c/4

I

2

3

wing semi-span location, y/(b/2)

fan reverser effectiveness, Frc,JFfa.

fan reverser effectiveness based on ideal thrust, FLre,/F_.fa.

overall thrust reverser effectiveness, FA/F,o,,W

wing taper ratio, 0.30

blockerless thrust reverser injection slot angle (measured from vertical, positive counter-

clockwise), deg

angular location of static pressure taps (see figs. 18 and 20), deg

wing-mounted thrust reverser deflector angle, deg

quarter chord

wing-mounted thrust reverser deflector I

wing-mounted thrust reverser deflector 2

wing-mounted thrust reverser deflector 3

Abbreviations:

BPR

CB

CCW

CL

Config.

LE

MAC

MS

PSATR

PSBAS

bypass-ratio

cutback

counter-clockwise

model centerline

configuration number

leading edge

mean aerodynamic chord

model station, in.

annular (metal) target thrust reverser static pressure, psi

blockerless thrust reverser base static pressure, psi
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PSCID

PSCOD

PSCORE

PSEID

PSEOD

PSFEN

PSFL

PSFP

PSIFD

PSINJ

PSOFD

PSPBD

PSRB

PSPYL

PSWL

PSWU

PTFNE

R

TE

WL

X-Long

multi-doorcrocodilethrustreverserinnerdoorcenterlinestaticpressure,psi

multi-doorcrocodilethrustreverserouterdoorcenterlinestaticpressure,psi

blockerlessthrustreversercorestaticpressure,psi

multi-doorcrocodilethrustreverserinnerdooredgestaticpressure,psi

multi-doorcrocodilethrust reverser outer door edge static pressure, psi

fan exhaust nozzle static pressure, psi

wing-mounted thrust reverser deflector static pressure, psi

wing-mounted thrust reverser back of deflector static pressure, psi

inner fan duct static pressure, psi

blockerless thrust reverser injection plenum static pressure, psi

outer fan duct static pressure, psi

porous blocker diffuser static pressure, psi

multi-door crocodile thrust reverser barrel static pressure, psi

pylon static pressure, psi

wing-section lower surface static pressure, psi

wing-section upper surface static pressure, psi

fan nozzle exit total pressure, psi

radius, in.

trailing edge

waterline, in

extra long

Apparatus and Procedure

Jet-Exit Test Facility

This investigation was conducted in the Jet-Exit Test Facility at NASA Langley Research Center.

Tests are conducted in a large room where the jet from a dual-flow propulsion simulation system vents to

the atmosphere through acoustically treated exhaust passages. A control room is remotely located from



thetestroomandaclosed-circuittelevisionisusedto observethemodelwhenthejet isoperating.The
Jet-ExitTestFacilityhasanair controlsystemthatis similarto thatof the NASA Langley Research

Center 16-Foot Transonic Tunnel and includes valves, filters, and a heat exchanger to maintain the jet

flow at a constant stagnation temperature. The air system uses the same clean, dry air supply that is used

by the 16-Foot Transonic Tunnel (ref. 3).

Dual-Flow Propulsion Simulation System

The separate-flow exhaust system (forward thrust) and thrust reverser models were tested on a dual-

flow propulsion simulation system consisting of an axisymmetric air-powered model mounted on a six-

component strain-gauge balance. A photograph and sketch of the separate-flow exhaust system model

with wing section installed on the dual-flow propulsion simulation system is presented in figure 4. An

external high-pressure air system supplies the simulator with a continuous flow of clean, dry air at a

constant stagnation temperature of about 540°R at the model instrumentation section, located just

upstream of MS 33.75.

Independently controlled primary and secondary flow systems provide pressurized air to isolated

plenum chambers on the dual-flow system through two pairs of semi-rigid, thin-walled (0.021-in. walt
thickness), I-in. diameter, S-shaped, stainless steel tubes (S-tubes). These tubes provide flexible
connections that transfer air from the non-metric to the metric (supported by the force balance) part of the

system. The geometric design of the airflow system attempts to minimize any balance force and moment

tares that can be generated by the flexure of the S-tubes as air pressure is increased or by transfer of axial
momentum as pressurized air passes into the plenum. The primary and secondary air systems can be used

separately or combined for dual-flow operation. For the current investigation, the primary system was

used to simulate engine core flow and the secondary system was used to simulate engine fan flow.

High-pressure air supplied to the primary plenum is delivered by a 15 lbf/sec air system that contains
dual in-line venturis for weight-flow measurements. From the primary plenum, air is then discharged

radially into the annular low-pressure primary duct (on the model centerline) through eight equally spaced
sonic nozzles. The primary airflow then passes over a bullet fairing, through the primary choke plate

(used as a flow straightener), and through the facility primary instrumentation section before entering the

primary adapter at MS 21.75.

High-pressure air supplied to the secondary plenum is delivered by a 30 lbffsec air system that also

contains dual in-line venturis for weight-flow measurements. From the secondary plenum, air is then

discharged radially into an annular low-pressure secondary duct (surrounding the primary duct and
located on the model centerline) through twelve equally spaced sonic nozzles. The secondary airflow

then passes through the annular secondary choke plate (used as a flow straightener), and through the

facility secondary instrumentation section before entering the secondary adapter at MS 21.75.

Thrust Reverser Concepts and Models

High-Bypass-Ratio Separate-Flow Exhaust System

A 7.9%-scale, high-bypass-ratio, separate-flow exhaust system model designed for the dual-flow

propulsion simulation system was built for the Innovative Thrust Reverser Test program. The model core
and fan nozzle contours (internal/external) were based on a preliminary BPR=9.0 separate-flow exhaust

system design provided by General Electric. The maximum nacelle diameter (d .... ) of the model was

11.42 in, the core nozzle throat area (A .... ) was 6.76 ins, and the fan nozzle throat area (Ara,,) was 33.90



in2. A fully metric,instrumented,7.9%-scalesupercriticalleft-handwingsection,attachedviaa pylon,
wasfabricatedfor usewiththismodel.A typicaltestsetupof thehigh-bypass-ratioseparate-flowexhaust
systemmodelwiththewingsectioninstalledis presentedin figure4. Theseparate-flowexhaustsystem
modelwastestedin theforwardthrustmode(withandwithoutthewing-sectioninstalled)to provide
referenceforzvardthrustlevelsforassessingtheeffectivenessof innovativethrustreverserconfigurations.

Adaptersectionsat MS 21.75wereusedto attachtheseparate-flowexhaustsystemmodelto the
facility hardwareandprovidesmoothtransitionsto themodelinstrumentationsections.Chokeplates
installedat the downstreamend of the adaptersectionsprovidedfor low flow distortion in the
instrumentationsections.Theinner/outerductdiametersof theinstrumentationsectionswerematchedto
thestartingdiametersof thecoreandfanexhaustnozzles.Theseparate-flowexhaustsystemmodelwas
installedonthedownstreamendof theinstrumentationsectionatMS33.75.

Detailsof theseparate-flowexhaustsystemmodelarepresentedin figure5. A photograph of the

separate-flow exhaust system model is presented in figure 5(a). As shown in figure 5(b), the fan section

consisted of the forward fan nozzle (fig. 5(c)) and the aft fan nozzle (fig. 5(d)). The fan nozzle was split
into forward and aft pieces to facilitate installation of cascade vane sections for testing of cascade thrust

reverser configurations. The core section consisted of the core nozzle (fig. 5(e)), core nozzle insert #1

(fig. 5(f)), and core plug assembly (fig. 5(g)). The removable core nozzle insert permitted installation of a

fan-duct blocker for cascade thrust reverser testing and facilitated modifications of the core cowl section

for testing of the core-mounted thrust reverser configurations which utilized as much of the separate-flow

exhaust system model hardware as possible. For structural integrity, the pylon assembly (fig. 5(h))

interfaced directly with the fan nozzle. A complete list of separate-flow exhaust system model
configurations tested is presented in table I.

7.9%.Scale Supercritical Left-Hand Wing Section

A fully metric, instrumented, 7.9%-scale supercritical left-hand wing section, attached via a pylon,

was fabricated for use with the separate-flow exhaust system model to facilitate testing of wing-mounted

thrust reverser configurations. Details of the separate-flow exhaust system model with the wing-section
installed are presented in figure 6. A photograph and sketch of the separate-flow exhaust system model

with the wing-section installed are presented in figures 6(a) and 6(b), respectively. Wing geometry is

presented in figure 6(c), with the wing-section used in this investigation denoted by the heavy dashed line.

The wing geometry was based on a design which, at model scale, had a full-span wing reference area (S)

of 4431.27 in2, wing span (b) of 199.70 in., mean aerodynamic chord (_)of 24.33 in., aspect ratio of 9.00,

taper ratio (_.) of 0.30, and a dihedral angle of 3°. The separate-flow exhaust system model centerline was

located at a wing semi-span location (b/2) of 0.35 and the wing section (fig. 6(d)) extended span-wise
from b/2=0.18 to b/2=0.52. The wing section was sized to extend 1.5dm,x on either side of the nacelle

centerline. A sketch showing wing section geometry at b/2=0.18, b/2=0.35, and b/2=0.52 is presented in

figure 6(e). Wing section ordinates are provided in figure 6(t-).

Cascade Thrust Reverser

Details of the cascade thrust reverser model are presented in figure 7. The cascade thrust reverser

model (fig. 7(a)) was used to represent a conventional cascade thrust reverser system and the innovative

cascade thrust reverser with porous blocker. All cascade thrust reverser configurations were tested

without the wing-section installed on the pylon.

Conventional Cascade Thrust Reverser. The conventional cascade thrust reverser model (fig. 7(b))
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was tested with a variable leakage fan-duct blocker door set to leakage areas equivalent to 0% (no

leakage), 5%, or I1% of the fan nozzle throat area. Test results for the 5% blocker leakage configuration

are used as a baseline in this report to assess the effectiveness of innovative thrust reverser configurations.

To assemble the conventional cascade thrust reverser model, core nozzle insert #I and the aft fan

nozzle were removed from the separate-flow exhaust system model. A variable leakage blocker,

consisting of blocker door #1 (fig. 7(c)) and the blocker door restrictor plate (fig. 7(d)), was installed to

block the fan duct and provide a mount for the cascade vane section.s and aft fan nozzle (translated 3.340

in. aft from MS 35.750), as shown in figure 7(b). Holes drilled through blocker door #1 were used to

simulate leakage past the blocker. The blocker door restrictor plate, located on the downstream side of
blocker door #1, was used to set blocker door leakage to 0% (no leakage), 5%, or 1 I% of the fan nozzle

throat area. The blocker door restrictor plate was assembled in different circumferential locations so that

varying amounts of holes in blocker door #1 were covered in order to obtain the different leakage
amounts. As shown in figure 7(b), a bullnose fairing (fig. 7(e)) was installed in the forward fan nozzle to

smoothly turn the fan flow into the cascades. Twelve cascade vanes segments were mounted around the
circumference of the fan nozzle (see fig. 7(f)) to direct the fan flow forward for reverse thrust. Details of

the cascade vanes segments are presented in figures 7(g) to 7(n). The cascade vanes (provided by Pratt &

Whitney) were configured with an array of 7 longitudinal ports having cant and skew angles

representative of a left-hand wing installation. The nominal flow area of the cascade vanes with all ports

open was 104% of the fan nozzle throat area. A cascade aft port blocker plate (fig. 7(o)) was available to

close off the aft cascade port to vary the cascade area to 90% of the fan nozzle throat area. The shortened

core nozzle insert #2 (fig. 7(p)) and the aft fan nozzle were installed to complete the configuration. The

two primary design parameters investigated for the conventional cascade thrust reverser model were

blocker leakage and cascade area. A complete list of conventional cascade thrust reverser configurations

tested is presented in table 2.

Cascade Thrust Reverser with Porous Blocker. The cascade thrust reverser with porous blocker

concept offers a reduction in blocker weight. Functionally, blocker door #2 (fig. 7(q)) replaced blocker
door #1 that was used with the conventional cascade thrust reverser model. The blocker door restrictor

plate and cascade aft port blocker plate were not used for porous blocker configurations. Blocker door #2

was designed with a porosity representing 50% of the fan duct cross-sectional area at the blocker. Button-
head screws were inserted into every other hole in blocker door #2 and secured with nuts to reduce the

blocker porosity to 25%. Core nozzle insert #2 was replaced with core nozzle insert #3 (fig. 7(r)) to

complete the configuration. Core nozzle insert #3 created a diffuser downstream of the porous blocker

(eliminating the core surface contour) to help spoil the thrust of flow which leaked through the porous
blocker door. The primary design parameter investigated was blocker porosity. A complete list of

cascade thrust reverser with porous blocker model configurations tested is presented in table 3.

Blockerless Thrust Reverser

The blockerless thrust reverser concept eliminates the blocker doors from the conventional cascade

thrust reverser and uses diverter jets powered by core bleed air to block the fan flow. This concept offers

a potential weight savings over a conventional cascade thrust reverser system by eliminating the blocker
door hardware. A forward thrust performance improvement would also result from elimination of losses

associated with blocker door hardware.

Details of the blockerless thrust reverser model are presented in figure 8. A photograph and sketch of

the blockerless thrust reverser model are presented in figures 8(a) and 8(b); respectively. To assemble the

blockerless thrust reverser model, all hardware except for the forward fan nozzle was removed from the
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separate-flow exhaust system model. A fluidic injector assembly (fig. 8(c)) was installed in place of the

core hardware. As shown in figure 8(b), the bullnose fairing was added to the forward fan nozzle to

smoothly turn the fan flow into the cascades. Twelve cascade vanes segments, discussed previously, were
mounted (via the forward fan nozzle and support strut assembly) around the circumference of the fan

nozzle to direct the fan flow forward for reverse thrust. The alternate pylon assembly (fig. 8(d)) and the

aft fan nozzle were installed to complete the configuration. The primary design parameter investigated

for blockerless thrust reverser configurations was fluidic injection port geometry. A complete list of

blockerless thrust reverser model configurations tested is presented in table 4.

The fluidic injector assembly (fig. 8(c)) used a series of interchangeable injector rings to vary the

fluidic injection port geometry at each of five injection locations. The fluidic injection locations were
designated "duct", "forward", "mid", "aft", and "throat" and were located at MS 35.263, MS 36.713, MS

37. 113, MS 37.513, and MS 40.207, respectively. Injector ring #1 (fig. 8(e)) set the "duct" injection port

geometry to either blank (no injection) or a continuous slot width (ws) of 0.025 in. with a slot angle (0) of

0° (perpendicular to the model centerline). Injector rings #2 (fig. 8(f)), #3 (fig. 8(g)), and #4 (fig. 8(h))
could respectively set the "fwd", "mid", and "aft" injection port geometries to either blank, ws=0.013 in.

with 0=0 °, ws=0.013 in. with 0=45 °, ws=0.025 in. with 0=0 °, or w_=0.025 in. with 0=45". In addition,

injector ring #4 could set the "aft" injection port geometry to discrete 0.025 in. holes located 0.0375 in.

apart on centerline or add injection tabs with heights (h,) of 0.20 in., 0.40 in., or 0.60 in. to the ws=0.025

in. with 0=45 ° geometry. The tab created a partial blocker (equivalent to a fan duct area blockage of 7%,

14%, and 21% at h, of 0.20 in., 0.40 in., or 0.60 in., respectively) at the aft injection location. Injector
ring #5 (fig. 8(i)) set the "throat" injection port geometry to either blank, w_=0.013 in. with 0=45",

w_=0.025 in. with 0=0 °, or w_=0.025 in. with 0=45 °. The support strut assembly (fig. 8(j)) was an integral
part of the fluidic injector assembly and provided support for the cascade vanes and aft fan nozzle in place

of the blocker door. An aft cascade port fairing was attached to the upstream end of the support strut
assembly (see fig. 8(b)) to help smoothly turn the fan flow into the cascades. Two different aft cascade

port fairing geometries, shown in figures 8(k) and 8(1), were tested. The blockerless thrust reverser

assembly in figure 8(b) is shown with the aft cascade port fairing #1 installed.

To help reduce flow separation from the bullnose fairing (fan cowl lip just upstream of the cascades),

several coanda turning surfaces were fabricated to replace the buiinose fairing. Coanda fairing #I (fig.

8(m)) had a surface definition that was potentially more favorable to attached flow than the original
bullnose fairing. Coanda fairing #2 (fig. 8(n)) had a surface definition that blocked off the forward

cascade port, reducing the cascade area to 90% of the fan nozzle throat area, to potentially provide an
even more favorable geometry. Coanda fairing #3 (fig. 8(o)), tested without the cascade vanes installed,

had a surface definition with the largest radius of curvature of the coanda fairings.

Annular (Metal) Target Thrust Reverser

The annular (metal) target thrust reverser concept relocates the reverser hardware to the core cowl,

allowing the nacelle lines to be optimized for cruise operation while offering potential reductions in

reverser and nacelle weight. Although this concept is not new (ref. 4), an attempt was made in the model

design process to define target geometries (size, spacing) which had areas consistent with the potential

design constraints of a core-mounted system. The annular targets covered the full circumference of the

fan exit and represented a blocker arrangement with no leakage. The internal surface contour of the

targets was based on a nominal shape of the fabric target thrust reverser concept (discussed later).

Details of the annular target thrust reverser model are presented in figure 9. A photograph and sketch

of the annular (metal) target thrust reverser model are presented in figures 9(a) and 9(b), respectively. To
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assemble the annular (metal) target [hrust reverser, core nozzle insert #1 was removed from the separate-

flow exhaust system model (see fig. 5(b)). Core nozzle insert #4 (fig. 9(c)) was installed, along with

either the 20 ° annular target assembly (fig. 9(d)) (with an optional kicker) or the 40 ° annular target

assembly (fig. 9(e)) (with an optional extension), to complete the configuration. The two primary design

parameters investigated for the annular (metal) target thrust reverser configurations were reverser area
ratio (AR) and target angle. A complete list of annular (metal) target thrust reverser configurations tested

is presented in table 5.

The reverser area ratio is defined as the ratio of the thrust reverser exit area (Are,) and the fan nozzle

throat area (Af,,). The reverser exit (a conic surface) is defined by a line drawn perpendicular to the inner

(forward) surface of the target that intersects the fan cowl. The reverser exit area is the minimum area
downstream of the fan nozzle exit as shown in figure 9(b). The fan nozzle throat area is the minimum

area in the fan duct, upstream of the fan nozzle exit. The target angle is defined as the angle between the

inner surface of the target and a plane perpendicular to the centerline of the nozzle (thrust axis). This is

also the nominal reverser efflux angle, the angle of the vector drawn normal to the reverser exit.

Reverser area ratios of 1.05, 1.15, and 1.25 were tested for the annular (metal) target thrust reverser

configurations. Each of the annular target assemblies (figs. 9(d) and 9(e)) had shims of varying length (Is)

to reposition the targets on the core nozzle and set the reverser exit area. The outer diameters of the 20 °

and 40 ° targets were established by the AR=I.25 target position, since the AR=t.25 target position

required the largest target diameter. To evaluate the effect of target length (diameter), an extension piece

was built for the 40° target and tested with the target in the AR= 1.25 position.

One reason for testing a 20 ° annular target was to evaluate the performance impact if longer target

panels could not be installed in the core nozzle cowl. In addition, the shorter target lengths offer a Iighter

weight installation and more options in the core section installation. For the 20 ° target, an attempt to
obtain additional flow turning was made by adding a kicker plate at the target exit. Kicker plates

(endplates) have been shown to increase reverser effectiveness on conventional low-bypass-ratio target

reverser systems. Endplates also offer performance advantages on concepts which use short targets that

do not have exit areas perpendicular to the target panel (ref. 5). The kicker plate could also possibly be

used to locally trim the reverser efflux pattern. The length of the kicker plate was selected to reduce the

reverser area ratio to 1.05 when the target was located in the AR= 1.25 position on the core cowl.

Fabric Target Thrust Reverser

The fabric target thrust reverser concept represents a lightweight design based on the annular (metal)

target thrust reverser, with consideration given to how the device might be deployed and stowed. This

concept has been patented by Pratt & Whitney.

Details of the fabric target thrust reverser model are presented in figure 10. A photograph and sketch

of the fabric target thrust reverser model are presented in figures 10(a) and 10(b), respectively. To

assemble the fabric target thrust reverser, core nozzle insert #1 was removed from the separate-flow

exhaust system model. Core nozzle insert #4 was installed, along with either the short fabric target thrust

reverser assembly (fig. 10(c)) or the long fabric target thrust reverser assembly (fig. 10(d)) to complete

the configuration. The fabric target thrust reverser configurations were designed for a reverser area ratio

(AR) of 1.15 and nominal exit angles of 20 ° and 40 °. A complete list of fabric target thrust reverser

configurations tested is presented in table 6.

Each fabric target thrust reverser assembly consisted of the standoff mount (fig. 10(e)), standoffs
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(vertical and radial, as shown in figure 10(f)), fabric attachment fingers (fig. 10(0), and a fabric target.

For test purposes, the fabric target was supported from behind at 22.5 ° increments, instead of using

support ribs in front of the fabric as shown conceptually in figure 3. The inside edge (along the core) of

the fabric target was secured below the core surface; no attempt was made to attach the fabric target to the

pylon. The nominal fabric target shape was established by the reverser exit angle and a circular arc

matched to the slope of the core surface and the nominal target exit angle. Short (fig. 10(g)) and long

(fig. 10(h)) fabric lengths were tested at target angles of 20 ° and 40 °. At the 40 ° target angle, the longer

fabric length required the use standoff shims (fig. 10(f)) with the attachment finger repositioned forward.
.... 3 2 2

The fabric materml was KEVLAR 840 with a porosity of 1.08 ft/min/ft and a weight of 7 oz/yd.

The nominal fabric contours were used to define the internal surface geometry of the annular (metal)

target thrust reverser configurations discussed in the previous section. The unloaded (jet-off) shape of the

fabric targets were essentially the same as the metal targets described previously. The inflation

characteristics (loaded shape) of the fabric target are important to the operation of this concept. The
interchangeable "short" and "long" fabric sections were tested with the 20" and 40 ° target angles to

provide information on the effects of fabric length. These data, along with data from the annular (metal)

target thrust reverser concepts, provide insight into the effects of fabric inflation.

Multi-Door Crocodile Thrust Reverser

The multi-door crocodile thrust reverser concept uses 8 inner and outer door sets located

symmetrically around the circumference of the fan cowl. The doors are hinged at the trailing edge and
rotate open to expose reverser ports; the inner doors block the fan duct and the outer doors redirect the fan

flow forward to produce reverse thrust. In an actual application, the outer doors would simultaneously act

as an airbrake, because of expected low pressures on the aft side of the doors, to increase aircraft stopping

force generated by the thrust reverser. From both the structural and mechanical viewpoints, this concept

is potentially simpler than a conventional cascade thrust reverser. Advantages over a conventional

cascade thrust reverser are the simpler actuation system (non-interdependence of doors), improved
maintenance access, and reduction in manufacturing cost due to the elimination of the cascades.

Details of the multi-door crocodile thrust reverser model are presented in figure 11. A photograph,
side view cutaway sketch, and end view sketch of the crocodile thrust reverser model are presented in

figures 1l(a), i l(b), and I l(c), respectively. To assemble the crocodile thrust reverser model, the forward

and aft fan nozzles were removed from the separate-flow exhaust system model. The reverser barrel (fig.
I I(d) and fig. 11(e)) was installed, along with the port inserts (fig. l l(f)), optional port spacers, and

bullnose inserts (fig. 1 l(g)). A lower fan-duct bifurcator (fig. 1l(h)) was installed between doors D and

E. The inner doors (fig. 1 l(i)) mounted to the inside surface of the reverser barrel using inner door

brackets (fig. I l(j)) to set the inner door angle. The outer doors (fig. i l(k)) mounted to the outside

surface of the reverser barrel using outer door brackets (fig. 11(!)) to set the outer door angle. The two

upper (A and H) and two lower (D and E) outer doors were tested with no cutback, partial cutback, and

full cutback angles (for wing and ground clearance). Port covers (fig. 1l(m)) were used for the cutback

configurations to match the port geometry to the door. Optional outer door kicker plates (fig. 1 i(n)) and

outer door fences (fig. 11(o)) were evaluated. Upper and lower filler pieces (fig. 1 l(p)) were used to

investigate the effects of inner door (blocker) leakage. Design variables investigated for multi-door

crocodile thrust reverser configurations with inner and outer doors fully deployed included inner door

leakage, reverser port bulinose radius, reverser port area, kicker plates, door fences, and outer door

cutback (size). Partially deployed reverser configurations were also tested. A complete list of multi-door

crocodile thrust reverser configurations tested is presented in table 7.
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To investigatetheeffectsof innerdoor(blocker)leakage, configurations were tested without the

pylon/bifurcator filler pieces. In effect, the filler pieces closed, but did not seal, the gap between the inner

doors and the pylon and lower fan-duct bifurcator. A "no leak" configuration was tested that sealed the

gaps between the inner doors and the pylon and lower fan duct bifurcator and the gaps between the
individual inner doors. Aluminum tape was used on the downstream surfaces to effectively seal these

gaps.

A bullnose insert could be located at the forward edge of each reverser port to control the flow turning

into the reverser port. See figure I l(b). Three different bullnose shapes with radius-to-height ratios (r/hd)

of 0.22, 0.18, and 0.13 were tested (see fig. 11(g)). The bullnose inserts were designed so that changes in

reverser port length between bullnose insert geometries were minimal. Multi-door crocodile thrust

reverser configurations were also tested without the bullnose inserts installed.

The shape of the reverser port is trapezoidal, with the width larger at the aft end. The geometry of the

reverser port can be seen in figure ! l(c). The reverser port minimum area is defined as the product of the

port length (Ip) and average port width (l/2(w0-w,)). Variations in reverser port area were achieved by

installing a spacer and/or the bullnose, thereby reducing the length of the reverser port. The largest

reverser port area tested had neither the bullnose or port spacer installed. As shown in figure I l(c), six

different port geometries (area ratios) were investigated by using spacer and bullnose combinations. The

port length-to-height ratios (lp/hj) for the six port geometries were 1.67, 1.58, 1.49, 1.45, 1.36, and 1.27.

The corresponding forward port width-to-height ratios (wf/hd) were 0.84, 0.84, 0.84, 0.77, 0.80, and 0.83.

The aft port width-to-height ratio (w,/hd) was constant at 1.26. With these combinations of port width and

length, six reverser area ratios (Arev/Ar,,,) were investigated: 1.91, 1.81, 1.71, !.60, !.53, and 1.45. The
smaller area ratios correspond to a 5.2%, 10.4%, 16.5%, 20.3%, and 24.2% reduction in port area relative

to the A,_,,/Afa,= 1.91 configuration.

In an actual aircraft application, fences and/or kicker plates on the outer doors may be required for

effective thrust reverser efflux control. A typical kicker installation on the multi-door crocodile thrust

reverser model is shown in figure 1 I(b). Selected configurations were tested without kicker plates or
fences and with long and extra-long (X-long) kickers and fences. The effect of kicker plate cutback (fig.

I l(n)) was also evaluated. Kicker plate size is defined by the amount of overhang from edge of the door

([o, see figure I l(b)). Expressed as a ratio to the fan duct height (Io/hd), the lengths of the long and extra

long kicker plates were 0. 18 and 0.24, respectively.

For a conventional subsonic transport nacelle installation, it is likely that the outer doors at the top

(doors A and H) and bottom (doors D and E) of the nacelle will require cutback to provide clearance with

the ground and wing leading edge slats (when deployed). The relative amount of cutback investigated is

depicted in figure 11(c) as dashed lines on these doors. The door cutback is made along a waterline,

essentially cutting off a corner of the door. The amount of cutback is defined by the ratio of the cutback

length (lc) to the fan-duct height (ha). An external reverser port cover is installed at each cutback to match

the port geometry to the door. The port cover reduces the reverser port area. The following terminology
is used to describe the cutback combinations investigated:

Partial - Outer doors A, D, E, and H cutback to a cutback ratio (Ic/hd)of 0.36.

Full - Outer doors panels A, D, E, and H cutback to a cutback ratio of 0.83.

Mixed - A mixture of partial and full cutbacks. Partial cutback doors installed at the top of the nacelle

(doors A and H) and full cutback doors installed at the bottom of the nacelle (doors D and E).
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Combinations of outer and inner door deployment angles were tested. Fixed door brackets were used

to vary the outer door deployment angle from 10° to 60 ° in 10° increments, and the inner door

deployment angle from 6 ° to 36 ° in 6 ° increments. The majority of testing was done with the inner doors

set to the fully deployed 36 ° position, while the outer door position was varied between 40 ° , 50 ° , and 60°

to determine the optimum door position. Combinations of inner and outer door positions were also tested

to simulate partial deployment configurations.

Wing-Mounted Thrust Reverser

One of the limitations of fan-cowl mounted (cascade or multi-door) and core-mounted (target) thrust

reverser systems is that only the fan flow is reversed. With the wing-mounted thrust reverser concept,
both the core and fan flows can be captured and reversed, and thrust reverser effectiveness can be

improved. By removing the thrust reverser system from the nacelle, the wing-mounted thrust reverser

concept offers the nacelle designer more options for improving nacelle aerodynamics and propulsion-

airframe integration, simplifying nacelle structural designs, reducing nacelle weight, and improving
engine maintenance access.

Conceptually, the wing-mounted thrust reverser concept would use one or more flow deflectors

deployed from the wing to capture and reverse the engine exhaust flow. Kinematically, these flow
deflectors could operate in a variety of different ways. One possibility would be to use the airplane high-

lift system to form flow deflectors by either splitting (as shown in figure 3) or overturning one or more of

the flap elements. Another possibility would be to deploy the deflector(s) from the lower wing surface.

The model used in this investigation is representative of a typical wing-mounted thrust reverser system.

Geometric variations of key design parameters investigated for the wing-mounted thrust reverser concept

included flow deflector angles and chord length, optional deflector fences, and the mount angle of the

deflector system (normal to the engine centerline or parallel to the wing trailing edge). A complete

description of wing-mounted thrust reverser configurations tested is presented in table 8.

Details of the wing-mounted thrust reverser model are presented in figure 12. A photograph and

sketch of the wing-mounted thrust reverser model are presented in figures 12(a) and 12(b), respectively.

To assemble the wing-mounted thrust reverser model, the wing-section was first installed on the separate-
flow exhaust system model. A portion of the wing section, extending chordwise from 0.64c to 1.00c and

span-wise from b/2=0.225 to b/2=0.475, was removed. This established a reverser port in the wing

through which exhaust flow could be turned. As shown in figure 12(b), a smooth wing bullnose (fig.

12(c)) which terminated at 0.69_:, helped to efficiently turn the exhaust flow through the reverser port.

The deflector assembly (fig. 12(d)) was mounted to the wing section in either the normal or parallel
mount positions as shown in figure 12(e).

The deflector assembly consisted of a cross bar (fig. 12(0), upper (fig. 12(g)) and lower (fig. 12(h))

brackets held together by bracket ties (fig. 12(i)), and deflectors equipped with optional fences (fig. 12(j)).

The deflectors were sized to a width twice that of the maximum nacelle diameter, or 2.0dma_. For

deflector I (upper) and deflector 2 (middle), short and long deflector chord lengths (If) were tested.

Brackets holding each deflector allowed testing over a range of deflector angles (_). The angle of each

deflector is defined relative to a plane perpendicular to the nozzle centerline (thrust axis) as shown in

figure 12(d). The design of the deflector system allowed ap_and _P3to be independently varied, but

changes in q_2 at constant _)3 resulted in deflector 2 and deflector 3 acting as a "bucket" that moved

together as a unit to capture exhaust flow. The deflector assembly was attached to the wing section using

wing mounts (fig. 12(k)) and interchangeable links (fig. 12(1)), which allowed the mount angle of

deflector assembly to be set in two positions (see fig. 12(e)): (1) normal to the nozzle centerline (thrust
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axis)and(2)paralleltothetrailingedgeofthewingsection.

A groundplanewastestedwithselectedwing-mountedthrustreverserconfigurationstodeterminethe
effectof groundproximityonwing-mountedthrustreverserperformance.Detailsof theground-plane
setuparepresentedinfigure13.

Instrumentation

All forcesandmomentsgeneratedby themodelweremeasuredby a six-componentstrain-gauge
balancelocatedonthecenterlineof thedual-flowpropulsionsimulationsystem.Theweight-flowrateof
high-pressureair suppliedto the modelwascalculatedfrom static-pressureandtotal-temperature
measurementstakenin twocalibrated,multiple-criticalventuris(onefor theprimaryair systemandone
for the secondaryair system)locatedupstreamof thedual-flowpropulsionsimulationsystem.The
multiple-criticalventuriis thestandardhigh-pressureairflow measurementsystemusedin theNASA
LangleyResearchCenter16-FootTransonicTunnelandis ratedto be99.9%accuratein weight-flow
measurements.Jettotal-pressurewasdeterminedatafixedstationin themodelinstrumentationsection
by averagingmeasurementstakenwithninearea-weightedtotalpressureprobesin theprimaryductand
twelvearea-weightedtotalpressureprobesin thesecondaryduct.Jettotaltemperaturewasdeterminedat
thesamestationusingiron-constantanthermocoupleslocatedineachduct.

Staticpressuresweremeasured inside the core and fan nozzles and on model external surfaces (such

as the pylon, targets, wing, wing-mounted deflectors, and multi-door crocodile thrust reverser doors) for

each configuration using 0.060-inch diameter static pressure orifices. Total pressures were measured
downstream of the fan nozzle exit for selected configurations using 0.060-inch diameter total pressure

probes. The location of the pressure orifices and probes are shown for each model as follows:

Figure

Separate-flow exhaust system .......................................................................................................................... 14

Wing-section ...................................................................................................................................................... 15
Conventional cascade thrust reverser ............................................................................................................... 16

Cascade thrust reverser with porous blocker ................................................................................................... 17
Blockerless thrust reverser ............................................................................................................................... 18

Annular (metal) target thrust reverser ..................................................................................................... •........ 19
Multi-door crocodile thrust reverser ................................................................................................................ 20

Wing-mounted thrust reverser deflectors .......................................................................................................... 21

Note that the fabric target thrust reverser model did not have pressure orifices on the fabric target;

however, all other pressure orifices for the fabric target thrust reverser model were in the same location as

on the annular (metal) target thrust reverser model.

Individual pressure transducers were used to measure pressures in the air supply systems and multiple-
critical venturis. The transducers were selected and sized to allow the highest accuracy over each

required measurement range. All other pressures were measured by electronically scanning pressure
modules located in the JETF test chamber in an acoustically shielded cabinet.

Test Procedures

All configurations were tested at a nominal fan/core nozzle pressure ratio schedule representative of

current technology high-bypass-ratio turbofan engines. Procedurally, a core nozzle pressure ratio (CNPR)

was set and then the fan nozzle pressure ratio (FNPR) was varied about the nominal pressure ratio
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schedule shown in the following table:

CNPR FNPR

1.10

1.10

1.20

1.30

1.40

1.50

1.20

1.30

1.30

1.40

1.50

1.50

1.60

1.70

1.70

! .80

1.90

1.90

2.00

2.10

Each configuration was tested up to a maximum fan weight-flow rate of approximately 23 Ib/sec.

Data Reduction

Each data point is the average steady-state value computed from 50 frames of data taken at a rate of 10

frames per second. Calibration constants were applied to the data to obtain corrected forces, moments,

pressures, and temperatures. A detailed description of the procedures used for data reduction in this

investigation can be found in reference 2.

Core nozzle pressure ratio (CNPR) is defined as the average jet total pressure for core flow (p, ..... ),

measured in the primary instrumentation section, divided by test cell ambient pressure (Po):

CNPR=p, ...... /po

For blockerless thrust reverser configurations, the injection pressure ratio (IPR) is equal to CNPR. Fan

nozzle pressure ratio (FNPR) is defined as the average jet total pressure for fan flow (Pt,fa,), measured in

the secondary instrumentation section, divided by the test cell ambient Pressure:

FNPR = Pt.fan/Po

Forward thrust

core nozzle thrust efficiency (FA/F_ .... ) is the ratio of corrected balance axial force (FA) with the core

nozzle operating (no fan flow) to the ideal isentropic core nozzle thrust (Fi ..... ). Fan nozzle thrust

efficiency (FA/F_.r,,) is the ratio of corrected balance axial force with the fan nozzle operating (no core

flow) to the ideal isentropic fan nozzle thrust (FLran). Overall nozzle thrust efficiency (FA/F_) is the ratio of

balance measured axial force with both the core and fan nozzles operating to the sum of ideal core and fan

nozzle isentropic thrust (FJ:

18



Fi = Fi.eo_+Fi,r..

Ideal isentropic thrust values for the core and fan nozzles were computed using the measured weight-

flow rate, total pressure, and total temperature of the core and fan flows, respectively. Weight-flow rate

was measured using multiple-critical venturi systems, one for the core (primary) air supply and one for

the fan (secondary) air supply, located in each air supply line upstream of the dual-flow propulsion

simulation system.

Reverse thrust

Three thrust ratios are used to define thrust reverser performance with both the fan and core nozzles

operating (dual flow). The overall thrust reverser effectiveness (rlrev) is defined as the ratio of corrected

balance axial force during reverse thrust operation to the total nozzle (fan+core) forward thrust (F,o,a_) that

is produced at corresponding core and fan nozzle pressure ratios:

F_o_,_= Fcore+Ffan

l]rev = FA/F, ota!

Core nozzle forward thrust (Fcore) is based on balance measurements obtained with the core flow operating

(no fan flow) in the forward thrust mode. Fan nozzle forward thrust (Fla,) is based on balance

measurements obtained with the fan flow operating (no core flow) in the forward thrust mode. It was

assumed that no thrust interactions occurred when both flows were operating. Curve fits made to the

measured force data were used to compute the reference core and fan nozzle forward thrust at the

corresponding nozzle pressure ratios.

The fan reverser effectiveness (qfa,) is defined as the ratio of gross reverse thrust (Fr_,,) to the fan

nozzle forward thrust:

rlra. = F,_v/Ffa,

To determine the gross reverse thrust, core nozzle forward thrust is added to the corrected balance axial

force in reverse thrust:

F_,. = FA + Fcore

The fan reverser effectiveness based on ideal thrust (rlfa._d) is defined as the ratio of isentropic gross

reverse thrust (F_,ro,.)to the ideal isentropic fan nozzle thrust:

rlra.id = Fi,r_,./Fi.fa.

To determine the isentropic gross reverse thrust, the ideal isentropic core nozzle thrust is added to the

balance corrected axial force in reverse thrust:

Fi.rev = FA + Fi .....

It should be noted that fan reverser effectiveness is not applicable to the wing-mounted thrust reverser

configurations that reverse both the core and fan exhaust flows. Most thrust reverser configurations were

tested with both the fan and core nozzle operating (dual flow). This was done to ensure that the effects of

the core nozzle flow on the blocker base region (downstream side) were properly simulated. For the
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blockerless thrust reverser configurations, which were not tested with core flow, base pressure corrections
were applied to remove the effects of the blanked core nozzle section.

The thrust reverser area match parameter (13) is defined as the ratio of the effective area of the thrust

reverser to the effective area of the fan nozzle operating in the forward thrust mode:

= [(wi>,_,,.lwi.r,,,)(A_,,,)l/l(Wp.l.a,lwis_n)*(A_a,Ol

Ideally, the thrust reverser area match parameter should be close to I to minimize any adverse effects
of reverser operation on fan operation. As nozzle operation transitions from forward thrust to reverse

thrust, a reduction in the fan effective flow area ([3<I) could shift the fan operating point into a surge
condition.

Weight-flow rates through the injectors, fan exhaust nozzle, and cascade vanes are used in the

discussion of blockerless thrust reverser performance. The injection weight-flow rate (w_o) is equal to the

measured core weight-flow rate (wp.... ). The fan exhaust nozzle weight-flow rate (W,oz) was computed

from total pressure measurements taken at the fan nozzle exit using a fan exit rake (see fig. 8(b)). The
cascade vane weight-flow rate (Wcas) is the difference of the sum of measured core and fan weight-flow

rates (Wp,,o,=Wp..... +wp.la.) and the computed fan exhaust nozzle weight-flow rate (W,oz):

Wca s = Wp,lo I - Wno z

The cascade vane weight-flow rate (w_._) and computed fan exhaust nozzle weight-flow rate (Woo,.)are

ratioed to the sum of the measured core and fan weight-flow rates (Wp.,o,). The injection (w_.) weight-flow

rate is ratioed to the measured fan weight-flow rate (Wpsa.). These ratios (e.g., wc.]wp.,o,. W.o/Wp,_o,,and

wi./Wp.f,_.) are important to establishing the performance of the blockerless thrust reverser configurations,

especially when no reverse thrust is generated. The injection weight-flow ratio is an important parameter
because it indicates the amount of core bleed air (in percentage of fan weight-flow rate) used to divert the

fan flow. It is estimated that modern turbofan engines are capable of supplying a maximum core bleed

weight-flow rate to fan weight-flow rate (wu/Wp.r.°) of 0.05 (ref. 6). Assuming all core bleed air is

available for the injectors during reverse thrust operation, then an injection weight-flow ratio (w_./wp.ra.)
of 0.05 is used as the practical limit for the blockerless thrust reverser concept. Note that the total amount
of core bleed air is a function of the BPR:

Wbl/Wp .... = ( W bl/W p,fan)( W p,fan/W p,core) = (wu/wp,r..)*BPR

For a BPR 9 engine, 45% of the total core weight-flow must be bled to provide wb/wp.f..=0.05; for a

BPRI0 engine, 50% of the total core weight-flow must be bled to provide Wbl/Wp.fan=0.05; and so on.

Model force (CN and C¥) and moment (Cm and C.) coefficients were computed using corrected balance

force and moments nondimensionalized by wing reference area (S), wing span (b), and mean
aerodynamic chord (_) as follows:

CN = FN/(poS/2)

Cr = Fs/(poS/2)

Cm = Pitching Moment/(po _S/2)

C, = Yawing Moment/(po(b/2)(S/2))

Values of b/2 and S/2 were used so that the test setup would more accurately reflect a twin-engine test
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on a full-span wing.

Results and Discussion

The data contained in this report were taken in three different operating modes: (1) core only, (2) fan

only, and (3) dual flow (both the core and fan operating). The majority of data were taken in the dual

flow operation mode with both the core and fan nozzles operating over a nominal core/fan nozzle pressure

ratio schedule representative of current technology, high-bypass-ratio turbofan engines. Data were taken

up to the maximum operating capability of either the JETF dual-flow system (reached at FNPR,_2. I in

for_vard thrust) or the force balance (reached at FNPR_-1.6 in reverse thrust). The sawtooth characteristic

of some of the graphical data presentation is due to the variation in fan nozzle pressure ratio at several

constant values of core nozzle pressure ratio (see table in the section entitled "Test Procedures"). To

facilitate machine data plotting, the data fairing is joined at the common FNPR tested a two different

values of CNPR and the sawtooth characteristic results. All data gathered in this investigation are

contained in a CD-ROM accompanying this report. The description of configurations tested is presented

in tables 1 to 8. The names and corresponding symbols or abbreviations for all data contained in the

CD-ROM are presented in table 9.

Forward Thrust

Separate-flow exhaust system performance characteristics for all forward thrust configurations tested

are presented in Appendix A. Separate-flow exhaust system performance for the same configuration

during two separate test entries is presented in figure 22. Overall nozzle thrust efficiency in forward

thrust (FA/F_) is plotted against fan nozzle pressure ratio (FNPR). The overall nozzle thrust efficiency is

typical of a separate-flow exhaust system, varying with FNPR from a low of about 0.95 to a high of about

0.98. Repeatability between the two test entries is better than one percent.

Reverse Thrust

The three most common parameters used in this report to define the performance of innovative thrust

reverser configurations are: overall thrust reverser effectiveness (rl,_v, which includes core nozzle forward

thrust), fan reverser effectiveness based on ideal thrust (qfa,,_d,which does not include core nozzle forward
thrust), and the thrust reverser area match parameter (13). For detailed definition of these parameters, see

the section entitled "Data Reduction". For configurations that reverse only the fan flow (all except the

wing-mounted thrust reverser configurations), rlf,,,id is the thrust reverser performance parameter typically
used in the discussion of results. For the wing-mounted thrust reverser configurations (which reverse

both the core and fan flow), rite, is the thrust reverser performance parameter typically used in the
discussion of results.

Conventional Cascade Thrust Reverser

Thrust reverser performance characteristics for all conventional cascade reverser configurations tested

are presented in Appendix B. A summary of cascade thrust reverser performance is presented in figure

23. The overall thrust reverser effectiveness (qrev), fan reverser effectiveness based on ideal thrust (rha,_d),
and thrust reverser area match parameter (13) are plotted against fan nozzle pressure ratio (FNPR). The

performance of the baseline cascade thrust reverser with the aft port open and no blocker leakage

(configuration 203) is shown in figure 23(a). The overall thrust reverser effectiveness level is about 0.3 I,

which is typical of cascade thrust reversers (ref. 7). The fan reverser effectiveness level is about 0.54.

The thrust reverser area match parameter, which is a measure of the change in effective flow exit area
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fromforwardthrustto reversethrust,varies between 95 to 98 percent, or 0.02 to 0.05 percent lower than
that of the fan nozzle in the forward thrust mode ([_ = 1.0). Recall, that _ should be close to l to minimize

any adverse effects of reverser operation on fan operation. As nozzle operation transitions from forward

thrust to reverse thrust, a reduction in the fan effective flow area ([_<I) could shift the fan operating point
into a surge condition.

Effects of Cascade Port Area. The effects of cascade port area on cascade thrust reverser

performance with no blocker leakage are also shown in figure 23(a). Closing off the aft port of the

cascade vanes (from configuration 203 to configuration 201) reduces Tire, because of the lower gross

reverse thrust (smaller reverser port); however, there is little change in rlfanid. The reduction in cascade
port area results in an approximate l0 percent reduction in _.

Effects of Blocker Leakage. The effects of blocker leakage (low values of porosity) on cascade

thrust reverser performance are shown in figure 23(b). Blocker leakage causes small reductions in rite,.

Blocker leakages equivalent to 5% and 12% of the fan duct area result in an approximate 0.03 and 0.07

drop in _lfa.ij, respectively. The configuration with 5% blocker leakage best matches the effective area of
the forward thrust nozzle. At 12% blocker leakage, [_is over 1.0.

Cascade Thrust Reverser with Porous Blocker

The effects of blocker porosity (high values of porosity) on cascade thrust reverser performance are

also shown in figure 23(b). The porous blocker increases the leakage through the blocker system with

little increase in forward thrust due to the diffusion of the leakage flow within the diffused fan nozzle. A

blocker porosity (blocker open area/fan duct area) of about 25% results in an approximate 0. 14 drop in

"qranid, as compared to the no leak (0% porosity) configuration. Increasing the porosity to 50% reduced

rlf_,,_jan additional 0.20 to value of about 0.20. The effect of flow leakage through the porous blocker on
I3 is significant. To bring the effective area back to that of the forward thrust nozzle ([3=l), a reduction in

the cascade port area would be required. Based on the effect of port area discussed previously, reducing

cascade port area would not be expected to impact rlra,_a significantly, but would reduce Vl,e_by reducing
gross reverse thrust. Even if reverse thrust were reduced to zero (thrust completely spoiled), the blocker
door weight reduction resulting from high values of porosity may still be a favorable trade for the entire

system. The data obtained from this investigation provides a basis for evaluating these blocker

leakage/reverser effectiveness trades.

Blockerless Thrust Reverser

Thrust reverser performance characteristics for all blockerless thrust reverser configurations tested are

presented in Appendix D. A summary of blockerless thrust reverser performance is presented in figure

24. The fan reverser effectiveness based on ideal thrust (qf,._d), cascade vane total weight-flow ratio
(wcjwp.,o,), fan nozzle total weight-flow ratio (W,o,/Wp.,o,), and the injection weight-flow ratio (wm/Wp,fa,)
are plotted against fan nozzle pressure ratio (FNPR). Recall that core flow was not simulated and that the

practical injection weight-flow ratio for blockerless thrust reverser configurations is assumed to be 0.05.

Effects of Single Injection Location. The effects of a single injection location (mid, aft, or throat) on

blockerless thrust reverser performance at an injection pressure ratio (IPR) of 12 for configurations with a

0.025 in. slot width (w_) and 45 ° injection angle (0) are shown in figure 24(a). For these configurations,

only the throat injection location provides reverse thrust (vlt_,_o>0) for FNPR>i.2; however, injection
weight-flow ratios at these conditions are substantially higher than the 0.05 practical limit.
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Effects of Multiple Injection Locations. The effects of multiple injection locations (fwd/aft, mid/aft,

or fwd/mid/aft) on blockerless thrust reverser performance at IPR= 12 for configurations with ws=0.013 in.

and 0=45 ° are shown in figure 24(b). For these configurations, a substantial amount of reverse thrust is

achieved at low FNPR's, although rha,,_ddecreases rapidly with increasing FNPR. The trend of decreasing

rh_,l_ with increasing FNPR was expected for the blockerless thrust reverser concept, which relies on the
momentum of injected flow to turn the fan flow through the cascade port. Thus, as fan flow momentum

is increased (increasing FNPR) for a constant value of injection momentum, the flow turning capability of

the injected flow decreases. Unfortunately, injection weight-ratios are above the practical limit of 0.05 at

all conditions.

Effects of Slot Size. The effects of slot size (w_=0.013 in. and w_=0.025 in.) on blockerless thrust

reverser performance at IPR=I2 for configurations with throat injection and 0=45 ° are shown in figure

24(c). These configurations achieve levels of qf_%_as high as 0.38; as expected, the amount of reverse
thrust generated decreases with increasing FNPR. Reverse thrust levels are highest for w_=0.025 in., but

the required injection weight-flow ratio is well above the practical limit of 0.05. Configuration 617

(w_=0.013 in.) has injection weight-flow ratios approaching the practical limit at the highest FNPR
values; however, the amount of reverse thrust generated at these conditions is smaIl.

Effects of Slot Angle. The effects of slot angle (0=45 ° and 0=90 °) on blockerless thrust reverser

performance at tPR=I2 for configurations with fwd, mid, and aft injection and ws=0.013 in. are shown in

figure 24(d). For these configurations, the effect of 0 shows the dramatic benefit of canting the injection

slots forward at a 45 ° angle. Reverse thrust is achieved for configuration 603 (0=45°); but, configuration

606 (0=90 °) does not achieve reverse thrust. Unfortunately, the injection weight-flow ratio for

configuration 603 is well above the practical limit of 0.05.

Effects of Injection Tab. The effects of the injection tab on blockerless thrust reverser performance

at IPR=I2 for configurations with a w_=0.013 in., 0=45 °, and aft injection are shown in figure 24(e). The

injection tab is a partial annular blocker that, when deployed, locally reduces the fan duct height. While

the tab adds a degree of mechanical complexity to the blockerless thrust reverser design, it reduces the

distance the injection flow must penetrate in order to block the fan exhaust flow and turn it out the

cascade vanes. It was hypothesized during the experimental design phase that the injection flow

penetration distance may be critical in high-bypass-ratio applications and a mechanism (e.g., a tab) to

reduce this distance might be necessary to achieve effective reverser performance at practical injection

weight-flow ratios. As shown in figure 24(e), the effect of the tab (compare configurations 61 I and 614)
is to substantially increase the reverse thrust performance of the blockerless thrust reverser concept•

However, the injection weight-flow ratio for these configurations is still above the practical limit of 0.05.

Effects of IPR. The effects of IPR on blockerless thrust reverser performance for configuration 611

are shown in figure 24(f). A notable finding from this figure is that levels of qf0,, between 0.15 and 0.38
• . . ' in

are achieved at IPR=4.0 within the practical injection weight-flow ratio hmlt of 0.05. It is also notable

that, with no injection, up to 45% of the fan flow went out of the cascade vanes (denoted by

WcaJWp.,o,_0.45) and the thrust was completely spoiled (qfania_0). Because most of the engine generated
retarding force on high BPR engines comes from inlet ram drag, thrust spoiling may be sufficient to

generate the necessary stopping force on aircraft equipped with high BPR engines; however, for aircraft

equipped with low BPR engines (lower inlet ram drag), it is more critical to produce reverse thrust. A

review of the figures presented in Appendix D indicates that the tab configurations (611 and 612) are the

only configurations capable of providing reverse thrust for FNPR>I.2 at practical injection weight-flow
ratios. This finding supports the earlier hypothesis that the injection flow penetration distance is critical

to the success of the blockerless thrust reverser concept. This finding is further supported by the research
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documented in reference 6, which demonstrated that, for a BPR=5.0 application, the blockerless thrust

reverser concept can achieve levels of _lfan_din the range of 0.30 to 0.40 with injection flow-ratios at or
below the practical limit of 0.05.

Annular (Memo Target Thrust Reverser

Thrust reverser performance characteristics for all annular (metal) target thrust reverser configurations

tested are presented in Appendix E. A summary of annular target thrust reverser performance is

presented in figure 25. The overall thrust reverser effectiveness (rlr_,), fan reverser effectiveness based on

ideal thrust (qf_,_a), and thrust reverser area match parameter (13)are plotted against the fan nozzle pressure
ratio (FNPR). Compared to the conventional cascade thrust reverser with 5% porous blocker

(configuration 204), the annular (metal) target thrust reverser concepts investigated achieve somewhat

lower levels of fan reverser effectiveness. Fan reverser effectiveness levels for the 40 ° annular target vary

from about 0.30 to 0.40 (fig. 25(a)). An increase in the reverser area ratio (AR) results in a decrease in

_lfa,id. Extending the length of the 40 ° target (configuration 308) improves rh,,_ approximately 0.10 to the
highest thrust reverser effectiveness levels for the annular (metal) target thrust reverser configurations.

The levels of rlra,_d for the 40" annular target configurations are approximately 0.35 to 0.40 higher than the
20° targets (fig. 25(b)). The 20 ° annular (metal) target thrust configurations only achieve reverse thrust

when the kicker plate is installed (configuration 304). The kicker plate increases Ylfanid for the 20 ° target
by about 0.07 when compared to the same AR without the kicker plate. Recall that the length of the 20 °

target kicker plate was selected to set an AR=I.05 when installed in the AR=l.25 position. Results show

that with the kicker installed, f; is nearly the same as that of the AR= 1.05 target location (fig. 25(b)).

The thrust reverser area match parameter for both target angles is about half that of the forward thrust
nozzle. Increasing the exit area ratio increases the effective reverser area. The 20 ° target configurations

exhibit a 0.02 to 0.05 higher effective flow area than the 40 ° targets. The significant reduction in the

effective exit area of the annular (metal) target thrust reverser results from very inefficient flow turning

around the sharp edge of the fan cowl trailing edge.

The decrease in rlfa,_a with increasing AR is attributed to a decrease in the reverser efflux angle (more
vertical) caused by a flattening of the reverser exit plane. To increase the reverser exit area, the annular

(metal) target is moved aft on the core nozzle. As the target is moved aft with a fixed target height

(diameter), the geometric exit plane formed by the fan cowl trailing edge and forward edge of the target

becomes more horizontal (thrust vector more vertical). This reduces the nominal reverser efflux angle

and the reverse thrust component.

The effect of the target extension (length) provides support for this explanation. As shown in figure

25(a), for the 40 ° target with AR= 1.25, extending the target length improves vlfa,_dby 0.09, with little or
no effect on [3. This result indicates that the effect of reverser area ratio on reverser effectiveness is

primarily due to changes in the orientation of the effective reverser exit plane.

These results indicate that the range of area ratios selected for the annular (metal) target thrust reverser

concepts are much too low. Either the aerodynamic shape of the fan cowl trailing edge must be improved

(to promote Coanda flow turning and prevent separation) or the annular target needs to be moved aft to

properly match the annular reverser concept with the forward thrust nozzle. The amount of effective

reverser flow area that can be set for a given target angle is limited by the length of the core cowl
downstream of the fan exit. The separate-flow nozzle design used for this investigation does not have

sufficient length to install hinged target panels farther aft. The target could be refined to include an

additional degree of mechanical articulation to produce an annular target having a larger diameter and
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greaterreverserexitarea;however,increases in weight and mechanical complexity would result.

Fabric Target Thrust Reverser

Thrust reverser performance characteristics for all fabric target thrust reverser configurations tested are

presented in Appendix F. A summary of fabric target thrust reverser performance is presented in figure

26. The overall thrust reverser effectiveness (qrev), fan reverser effectiveness based on ideal thrust (q,a%),

and thrust reverser area match parameter ([3) are plotted against the fan nozzle pressure ratio (FNPR).

The highest fan reverser effectiveness achieved for the fabric target thrust reverser is about 0.25, obtained
with the 40" target angle and long fabric length. For both the 20 ° and 40 ° target angles, the configuration

with the long fabric length demonstrates the best performance. Increasing the fabric length from short to

long with the target angle set at 40 ° results in about a 0. !3 increase in rlfa%.

Recall that the nominal (unloaded) shape/length of the short and long fabrics are the same as the

internal surface contours of the 20° and 40° metal targets, respectively. If the inflated shape of the fabric

reversers matched the internal contours of the metal targets, then the performance of the 20 ° target with

short fabric length should match that of the 20 ° annular (metal) target, and the performance of the 40 °

target with long fabric length should match that of the 40 ° annular (metal) target. The comparisons of the
annular (metal) and fabric target thrust reverser performance characteristics presented in figure 27 show

that this is not the case. For both the 20 ° and 40 ° target angles, the fabric target reverser effectiveness

levels are about 0.07 to 0.09 lower than the metal target reverser effectiveness levels. This result can be

attributed to three factors: (1) uporting of the fabric near the pylon (fabric is not attached at the pylon),

(2) the fabric assuming a shape under operating air pressure loads which reduces the effective reverser

efflux angle (more vertical), thereby producing a smaller reverse thrust component, and (3) leakage of the

air flow through the porous fabric.

The variation in [3 with target angle for the fabric target thrust reversers (fig. 26) are similar to those
obtained with the annular (metal) target thrust reversers in that an increase in target angle results in a

decrease in 13. For the 40° target, an increase in 13was obtained with the longer fabric (fig 26). Compared
to the metal target (fig. 27), the effective area of both the 20 ° and 40 ° fabric thrust reversers is about 0.04

higher than that of the metal (with no leakage) annular target. The cause of this increase in flow can be
attributed to a combination of leakage through the porous fabric and unporting of the fabric adjacent to

the pylon. In addition, the section of fabric between the support brackets billows out under air pressure
loads, affecting an increase in the reverser exit area. The demonstrated performance improvement of the

long fabric length over the short fabric length indicates that longer fabric lengths (than those tested) may
be beneficial.

Multi-Door Crocodile Thrust Reverser

Thrust reverser performance characteristics for all multi-door crocodile thrust reverser configurations

tested are presented in Appendix G. A summary of multi-door crocodile thrust reverser performance is

presented in figure 28. The overall thrust reverser effectiveness (rite,), fan reverser effectiveness based on

ideal thrust (rlf,°i_), and thrust reverser area match parameter ([3) are plotted against the fan nozzle pressure
ratio (FNPR).

Effects of Inner Door Leakage. The effects of inner door leakage on multi-door crocodile thrust

reverser performance are shown in figure 28(a) for multi-door crocodile thrust reverser configurations
with the inner doors at 36° and the outer doors at 60 ° (inner and outer doors fully deployed). With the

inner doors fully deployed, fan flow is able to leak through small gaps between the inner doors; inner
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doorsandthepylon;andinnerdoorsandthelowerfan-ductbifurcator(seefig. 1l(c)). It is estimatedthat
this"maximumleakage"configuration(configuration511)allowsapproximately2%of thefanflow to
leakpasttheinnerdoors.Thefanreversereffectivenessfor the"maximumleakage"configurationranges
from approximately0.21to 0.24acrosstherangeof FNPRtested.By addingfiller pieces(fig. ! l(p))
adjacentto thepylonandlowerfan-ductbifurcator,a"partialleakage"configuration(configuration512)
iscreated.Theadditionof thefiller pieceseliminatesthemajorityof theleakagebetweentheinnerdoors
andpylonandinnerdoorsandlowerfan-ductbifurcator,resultingina0.08increasein rlfa,_d(fig. 28(a)).
The associated reduction in leakage due to the addition of the filler pieces results in a 0.06 decrease in 13.

To provide a "no leak" data base for CFD code validation, all of the gaps between the inner doors; inner

doors and pylon; and inner doors and lower fan-duct bifurcator were sealed with aluminum tape

(configuration 543). As shown in figure 28(a), the effect of completely sealing the joints in the inner

doors is about a 0.01 increase in rlfan_dand a 0.04 decrease in 13.

Effects of Reverser Port Bulinose Radius. Typical results showing the effects of reverser port

bullnose radius (r, see figure I I(g)) are presented in figure 28(b) for multi-door crocodile thrust reverser

configurations with the inner and outer door fully deployed. The effects of r on rh,,_d are very small (less
than 0.01); however, decreasing r results in a decrease in the effective reverser port area (Aror,). The
trends show about a 0.02 reduction in 13 for each decrement in r. These results are typical of those

obtained for all of the configurations tested.

Effects of Reverser Port Area Ratio. Typical results showing the effect of reverser port area ratio

(AR) are presented in figure 28(c) for multi-door crocodile thrust reverser configurations with the inner

and outer door fully deployed. The relative magnitude of the port area reductions represented by the area

ratios tested (1.60, t.53, and 1.45) is about 4.4 and 9.4 percent, relative to AR=I.60 (configuration 519).

For each decrement in AR, a 0.01 to 0.02 increase in rha,id is realized. Each decrement in AR also results
in an approximate 0.04 reduction in 13.

Effects of Outer Door Kicker Plate. Typical results showing the effects of outer door kicker plates
are presented in figure 28(d) for multi-door crocodile configurations with the inner doors fully deployed

and the outer doors deployed at 50 °. The effects of the "long/cutback" kicker plate (configuration 517)

are to'increase rlr_,,_d by approximately 0.03 over configuration 518 (no kicker plate) with a small (about
0.01) increase in 13. A further increase in kicker plate size to the "X-long/cutback" kicker plate geometry

(configuration 516) tends to overturn the fan exhaust flow towards the engine centerline as indicated by a

0.01 decrease in _lr_,id from the long/cutback kicker geometry (configuration 517). These kicker plate
effects are consistent with those obtained when the outer doors are positioned to 40 ° (configurations 514

and 515) and 60 ° (configurations 519 and 520), although the performance decrement in rlf_n_dassociated
with the "X-long/cutback" kicker is smaller with the 60 ° door angle (see data presented in Appendix G).

These results indicate that there is an optimum length for the kicker plate and that this length is likely a

function of the outer door angle.

Effects of Outer Door Cutback. Typical results showing the effects of outer door cutback are

presented in figure 28(e) for multi-door crocodile thrust reverser configurations with the inner and outer

doors fully deployed. The effects of the "partial", "mixed", and "full" cutbacks are similar; each cutback

results in a small decrease (about 0.02) in _fanid. With the outer doors positioned to 50 ° (configurations

526, 525, and 524) and 40 ° (configurations 527 and 528), the variation in rlf_,,jdbetween the full size doors
and the doors with full cutback was even less (about 0.01, see data presented in Appendix G). The effect

of cutback on 13is small at both the 60 ° (fig. 28(e)) and 50 ° (see data presented in Appendix G) outer door

angles, despite the installation of the reverser port door covers at the leading edge of the port. For the 40 °
outer door angle (see data presented in Appendix G) the minimum outer door cutback results in a
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reductionin 13of about 0.03.

Effects of Outer Door Angle with Full Size Outer Doors (No Cutback). Typical results showing

the effects of outer door deployment angle with full size outer doors (no cutback) are presented in figure

28(f) for multi-door crocodile thrust reverser configurations with the inner doors fully deployed. These

configurations show only small changes in TIr,,_dwith outer door deployment angles between 30° and 60 °.
Reducing the outer door angle to 20 ° (configuration 575) actually increases _r,.id by about 0.02, but

reduces _lrevby about the same amount. The area match parameter is similar with the outer doors at 60 °

(configuration 579) and 50 ° (configuration 578); however, a substantial reduction in effective port area
can be noted from the reduction in [3 at lower outer door deployment angles. This result was not

unexpected. In actual operation, the inner door deployment angle would be scheduled with the outer door

deployment angle in order to maintain a constant value of [3. See the "Effects of Inner and Outer Door

Deployment Schedule" discussion below.

Effects of Outer Door Angle with Full Cutback Outer Doors. Typical results showing the effects

of outer door angle with full cutback outer doors are presented in figure 28(g) for multi-door crocodile

thrust reverser configurations with the inner doors fully deployed. For the full cutback outer door

configurations, increasing the outer door deployment angle from 40 ° (configuration 528) to 50 °

(configuration 524) results in a small (about 0.01) decrease in qr,,_d and a 0.02 increase in [3. Further
increasing the outer door deployment angle from 50 ° (configuration 524) to 60 ° (configuration 523)

results in a reduction in qra,_dof about 0.04 with little change in [3. These trends are typical of all bulinose
shapes and port sizes (bullnose spacer) investigated. The relative magnitudes of the difference in multi-

door crocodile thrust reverser performance are the same. In all cases investigated, the value of qlao_dwas

obtained with a 50 ° outer door deployment angle.

Effects of Inner and Outer Door Deployment Schedule. Combinations of inner and outer door

deployment angles were tested to provide a data base from which to evaluate blocker door deployment

schedules. The variations in vb_v,qr,%t, and [3 during a nominal schedule of the inner and outer doors are
shown in figure 28(h). The results presented indicate that:

a) Deploying the inner door 6 ° and the outer door 10° results in a significant decrease in [3.

Refinements in the reverser kinematics are required to maintain [3within acceptable limits.

b) Further deployment of the inner and outer doors through the intermediate angles increases [3 to

values greater than 1.

c) Due to leakage past the inner blocker door, no reverse thrust is achieved until the inner doors are

nearly fully deployed.

d) With the inner doors fully deployed, 13drops back below I at low FNPR and the maximum value

of rlfa,,idis obtained.

These results demonstrate the operating characteristics of the multi-door crocodile thrust reverser

concept and highlight some of the concerns that must be addressed to develop the blocker door

deployment schedule. Results obtained from this investigation provide a data base from which to assess

the effects of configuration geometry and door deployment options.
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Wing-Mounted Thrust Reverser

A summary of overall thrust reverser effectiveness (1]rev) plotted against fan nozzle pressure ratio

(FNPR) for the wing-mounted thrust reverser configurations with parallel deflector mount angle, long

deflector chord length, and deflector edge fences installed is presented in figure 29 for all deflector angles

(q,) tested. Data for these configurations show that the highest value of rlre_Occurs for configurations with

_3=30 °, while the xp2has the most substantial effect on tire,; the highest values of qre,. generally occur for

configurations with _2 of 0 ° or less. The overall thrust reverser effectiveness level for configurations

with _2s0 ° ranges from about 0.30 to 0.44 at FNPR=I.I and decreases with increasing FNPR This

performance is competitive with cascade-type thrust reverser systems, which have rb,, values on the order
of 0.35 to 0.40 (ref. 7).

There are three deflector angle combinations that, depending on FNPR, produce the highest values of

rlr_v. At FNPR values from 1.1 to about 1.25, the configuration with lp,=60 °, _2=-15 °, and _3=30 ° has the

highest qre,: At FNPR values from 1.25 to about 1.5, the configuration with L0z=60°, q_2=0°, and _3=30 °

has the highest rlr_,.. At the remaining FNPR values from 1.5 to about 1.6, the configuration with _=45 °,

_2=0 °, and 1_3=30 ° has the highest values of rb_,. Therefore, with a parallel deflector mount angle, long

deflector chord length, and deflector edge fences installed, these three geometries can be considered the

optimum deflector "bucket" shapes for producing the maximum level of reverse thrust over the FNPR

range tested. In order to understand the effect of deflector angle and other geometry variations, these

configurations will be used (whenever possible) for relative comparisons in the following discussion.

Although not shown in figure 29, large lateral force (Cv) and moment (C.) coefficients are generated

by the wing-mounted thrust reverser configurations at the parallel (to wing trailing edge) deflector mount

angle. This is a result of the deflector system being positioned at a yaw angle with respect to the exhaust

flow (where the exhaust flow is not only reversed, but is also thrust vectored in the yaw plane). Note that

lateral forces and moments would cancel on a twin engine aircraft configuration with both engines
operating at the same reverse thrust condition. A single engine failure in reverse thrust would result in

large unopposed Cy and C,, values that would have to be compensated for by the vertical tail or other
control surfaces.

Effects of Deflector 1 Angle (14)1), The effects of _ on wing-mounted thrust reverser performance

with parallel deflector mount angle, long deflector chord length, and deflector edge fences installed are

presented in figure 30 for configurations with _=30 °. The effect of tp_ on i]re_ is most substantial at

FNPR values of about 1.4 or less, with q_v increasing with increasing _. This is not surprising, since the
increased flow turning angle provided by larger values of _, would be expected to provide higher values

of ritzy. The smaller area for thru-wing flow turning that results from larger values of _j does not appear
to degrade q_ev-

At higher values of FNPR, differences in rlr_ are very small and there is no consistent trend in rl ....

with changing _,. The effect of tp_ on longitudinal and lateral force and moment coefficients is generally

small; the only significant changes with _, occur in pitching moment coefficient (C,.). The small

differences in Cm between configurations most likely result from changes in the reverser efflux pattern

and differences in the pressure distributions across the deflectors and wing surfaces.

Effects of Deflector 2 Angle (g'2). The effects of N2 on wing-mounted thrust reverser performance

with parallel deflector mount angle, long deflector chord length, and deflector edge fences installed are

presented in figure 31 for configurations with _=45 °. The highest values of rb_v typically occur for
configurations with _2=0 ° and the differences between other values of q_2increase with increasing FNPR.
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Althoughnotshownin figure31,it isobviousfromthedatapresentedpreviouslyin figure29thatfurther
increasesin 1p2(to positivevalues)wouldresultin reducedrl,c_. For deflectionangleswhere_2 is
negative,a lift forceis producedondeflector2 whichincreasesCNandCm.Thisisattributedto pressure
differencesactingonthehorizontalcomponentof thedeflector.Theeffectsof _2on lateralforceand
momentcoefficientsaregenerallysmall.

Notethatincreasedvaluesof CNandC,,areindicativeof a tendencyof manywing-mountedthrust
reverserconfigurationsto generatelift forces.Generally,this is undesirablefor athrustreverserconcept
sinceit wouldactto reducetheamountof airplaneweighton thewheels,therebyreducingwheelbraking
effectiveness.Conversely,reducedvaluesof CNwouldbedesirablesincethis wouldtendto increase
wheelbrakingeffectivenessbyputtingmoreof theaircraftweightonthewheels.

Effects of Deflector 3 Angle (_3). The effects of q_3 on wing-mounted thrust reverser performance

with parallel deflector mount angle, long deflector chord length, and deflector edge fences installed are

presented in figure 32 for configurations with _p_=60°. The effects of k03 for configurations with _2=-15 °

(fig. 32(a)) show significantly increased qrc, and reduced CN and C,, occurring for the larger values of ap3.

Increasing _P3 results in a larger horizontal surface component on which exhaust pressures may act,

resulting in more negative lift forces and pitching moments.

The effects of q_3for configurations with _p1=60° and _P2=0° (fig. 32(b)) are smaller than that shown for

configurations with _p2=-15 ° (figure 32(a)), with increased rI.... and reduced Cm occurring at the smaller

value of ap3. As discussed previously, configurations with q_3=30 ° generally provide the highest values of

rlr_ regardless of the other flap deflection values. The effects of lp3 on the other force and moment
coefficients are similar to those discussed above.

Effects of Deflector Edge Fences. The effects of deflector edge fences (installed vs. removed) on

wing-mounted thrust reverser performance with parallel deflector mount angle and long deflector chord

length are presented in figure 33 for configurations with _=60 ° and lP3=30 °. Removing the deflector

edge fences results in a substantial drop in overall reverser effectiveness but produces only small changes
in force and moment coefficients. The drastic reduction in rl,_,, that occurs when the fences are removed is

a result of increased exhaust flow spreading/spillage in the lateral direction. This results in a reduced

amount of exhaust flow that is turned by the deflector toward the upstream direction to produce reverse

thrust. Although the deflector edge fences are relatively small (approximately 12% of the deflector chord

length), their substantial flow turning benefit significantly improves riB,.

Effects of Deflector Chord Length. The effects of deflector chord length (long vs. short) on wing-

mounted thrust reverser performance with parallel deflector mount angle and deflector edge fences

installed are presented in figure 34 for configurations with q_=60 ° and _3=30 °. The short chord length

has substantially lower rlrCvthan the long chord length. The effects of chord length on force and moment

coefficients are generally small. The reduction in qr_v that occurs when deflector chord length is reduced

is most likely caused by some of the exhaust flow passing below the bucket formed by deflectors 2 and 3.

Exhaust flow which is not captured by the deflectors would produce forward thrust and reduce riB,..

Effects of Deflector Mount Angle. The effects of deflector mount angle (parallel vs. normal) on

wing-mounted thrust reverser performance with long deflector chord length and deflector edge fences
installed is presented in figure 35 for configurations with 1P3=30 °. There are substantial increases in qr_v

and reductions in Cv and C, when the deflector system is positioned normal to the exhaust flow. This is a

result of eliminating the thrust vectoring effect that acts to reduce rb_v and generate Cv and C, when the

deflectors are mounted parallel to the wing trailing edge.
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Besides the obvious advantage of increasing rite, to values as high as 60%, the normal deflector mount

configuration would eliminate some of the concern over large asymmetric lateral forces and moments that

would occur during a single engine failure in reverse thrust. A disadvantage for the normal mount

configuration would be the additional degree of articulation (rotation of the deflector flap system) that

could be required. The fact that a parallel deflector mount provides reverser performance competitive

with a conventional cascade thrust reverser system indicates that a normal deflector mount position may

not be required for the wing-mount thrust reverser concept to be viable.

Concluding Remarks

Test results have shown that several innovative thrust reverser concepts achieve thrust reverser

effectiveness levels which, when considering the potential for system simplification and reduced weight,

may make them competitive with the current state-of-art thrust reverser systems. Although the

configurations investigated were primarily conceptual, the results obtained provide a data base from

which to assess thrust reverser performance and conduct preliminary design tradeoffs for some of the

more important geometric parameters. The favorable results obtained also justify further concept

refinement and more detailed systems studies to better identify and assess the actual system tradeoffs.
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Table 9. Definition of Data Names with Corresponding Symbols or Abbreviations

Data Symbol or Units

Names Abbreviation

AF1.4 Fa lbf

AMPARM

AT 1 A_.... in-"

in 2AT2 AI_,,

BATCH BATCH

CA I C a

CMX 1 C t

CMY I Cm

CMZ I C.

CN 1 C N

CNPR CNPR

CONFIG CONFIG

CY I Cv

ETAFAN q.,,,

ETAFANI ll.,.,id

ETAREV ll,c.

FCORE F_....

FFAN F,_,,

FREV F_,

FREVID F,s_,.

ETOTA I. F,,,t,,I

FGT/FI F/F,

FJ 1/FI Fa/F i

FI I F ......

FI2 Fi+,__

FNPR FNPR

NF1.4 F N

PM 1.4 Pitching

PO p,,

POINT POINT

PSATR PSATR

PSBAS PSBAS

PSCID PSCID

PSCOD PSCOD

lbf

lbf

Ibf

lbf

lbf

lbf

lbf

Ibf

in-lbs

psia

psi

psi

psi

psi

Definition

corrected balance axial force

thrust reverser area match parameter

core nozzle throat area

fan nozzle throat area

batch number

axial force coefficienl

rolling moment coefficienl

pitching moment coefficient

yawing moment coefficient

normal force coefficient

core nozzle pressure ratio

configuration number

side force coefficient

fan reverser effectiveness

fan reverser effectiveness based on ideal thrust

overall thrust reverser effectiveness

core nozzle forward thrust

fan nozzle forward thrust

gross reverse thrust

isentropic gross reverse thrust

total nozzle (fan+core) fonvard thrust

resultant thrust ratio

thrust ratio

ideal isentropic core nozzle thrust

ideal isentropic fan nozzle thrust

fan nozzle pressure ratio

corrected balance normal force, positive upward

corrected balance pitching moment

test cell ambient pressure

point number

annular (metal)target thrust reverser static pressure

blockerless thrust reverser base static pressure

multi-door crocodile thrust reverser inner door centerline static pressure

multi-door crocodile thrust reverser outer door centerline static pressure
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Table9. Concluded

Data Symbol or

Names Abbreviation

PSCORE PSCORE

PSEID PSEID

PSEOD PSEOD

PSEEN PSFEN

PSFL PSFL

PSFP PSFP

PSIFD PSIFD

PSINJ PSINJ

PSOFD PSOFD

PSPBD PSPBD

PSRB PSRB

PSPYL PSPYL

PSWL PSWL

PSWU PSWU

FFFNE FFFNE
i

RM 1.4 Rolling

RUN RUN

SF1.4 F s

TEST TEST

WCAS w_,_

WCZWF u,o_,/wp,r_,_

WCZWT
Wca_/Wp,t,,_

WEXZWF %Vn,,z/$V p,fa n

WEXZWT w.oJwp,,,,,

WFNETO w._,,

WlNJZWT Wm/Wp,ra n

WP ] 1,V p,core

WP2 SVp,fk m

WPRAT _Vp,core/$Vp,lan

WPTOT wp.,,,,

WP/WI 1 Wp....../w, ......

WP/WI2 Wp..,.l',v,,_

YM i.4 Yawing

Units

psi

psi

psi

psi

psi

psi

psi

psi

psi

psi

psi

psi

psi

psi

psi

in-lbs

Ibf

Ibffsec

Ibffsec

lbffsec

lbffsec

Ibf/sec

in-lbs

Definition

blockerless thrust reverser core static pressure

multi-door crocodile thrust reverser inner door edge static pressure

multi-door crocodile thrust reverser outer door edge static pressure

fan exhaust nozzle static pressure

wing-mounted thrust reverser deflector static pressure

vdng-mounted thrust reverser back of deflector static pressure

inner fan duct static pressure

blockerless thrust reverser injection plenum static pressure

outer fan duct static pressure

porous blocker diffuser static pressure

multi-door crocodile thrusl reverser barrel static pressure

pylon static pressure

wing-section lower surface static pressurc

wing-section upper surface static pressure

fan nozzle exit total pressure

corrected balance rolling moment

run number

corrected balance side force

test number

blockerless thrust reverser cascade vane weight-flow rate

blockerless thrust reverser cascadc-to-fan weight-flow ratio

blockerless thrust reverser cascade vane total weight-flow ratio

blockerlcss thrust reverser fan nozzle weight-flow ratio

blockerless thrust reverser fan nozzle total weight-flow ratio

blockerless thrust reverser fan nozzle weight-flow rate

blockerless thrust reverser injection weight-flow ratio

measured core (primary) weight-flow rate

measured fan (secondary) weight-flow rate

bkx:kerless thrust reverser core-to-fan weight-flow ratio

sum of measured core and fan weight-flow rates

discharge coefficient of core (primary) air flow

discharge coefficient of fan (secondary) air flow

corrected balance yawing moment
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Operation Mode: Core Only
Bifurcator: Removed

Wing: Removed

Test Run Configuration

o 987 5 101
[] 987 6 101
O 992 2 101

1001 1 101

FA/Fi,core

1.00
.- , _......................

.98 :- ......

__ =Y .... -- .......... _ .... i ....

.94

.92

.90

/ p

Wp,core/Wi,core

1.04

1.00

CNPR

(a) Core only.

Figure A-1. Separate-flow exhaust system performance characteristics for configuration 101.
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Operation Mode: Fan Only
Bifurcator: Removed

Wing: Removed

Test Run Configuration

o 992 3 101
[] 1001 2 101

FAIFi,fan

1.00

.98

.96

.94

.92

.9O

Wp,fan/Wi,fan

1.04

1.00 __

FNPR

=_=

(b) Fan only•

Figure A-1. Continued.
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OperationMode:DualFlow
Bifurcator:Removed
Wing: Removed

Test RunConfiguration
O 992 5 101
[] 1001 3 101

FA/Fi

1.00

.94

.92

.90

1.0
i =

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 .9 2.0

FNPR

(c) Dual flow.

Figure A-1. Concluded.
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Operation Mode: Core Only
Bifurcator: Installed

Wing: Removed

O

Test Run Configuration

1001 81 501

FA/Fi,core

1.00

.98

.96

.94

.92

.90

. ± .....

Wp,core/Wi,core

1.04

1.00

.96

...... : _

i --

l

i .....

_L__

.92 ._, _

.88 '

.80 .

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1

CNPR

(a) Core only.

Figure A-2. Separate-flow exhaust system performance characteristics for configuration 501.
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Operation Mode: Fan Only
Bifurcator: Installed

Wing: Removed

o

Test Run Configuration

1001 82 501

FAIFi,fan

Wp,fan/Wi,fan

1.04

1.00

.96 __

.92

.88

.84

!

..... _-!

k _

_ _-0------- 0----_ O_-------- 0 0

4

...... i

,,li_ ¸ ,,

...... t_ I--_t_--_ .... ; ..... i--

1.5 1.6 1.7 1.8 1.9 2.0 2.1
.80,.

1.0 1.1 1.2 1.3 1.4

FNPR

(b) Fan only.

Figure A-2. Continued.
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OperationMode:Dual Flow
Bifurcator: Installed

Wing: Removed

Test Run Configuration

o 994 1 501
o 1001 83 501

FA/Fi

1.00

.98

FNPR

.=

E

_=

(c) Dual flow.

Figure A-2. Concluded.
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Operation Mode: Core Only

Bifurcator: Removed

Wing: Installed

O

Test Run Configuration

1001 13 701

FA/Fi,core

1.00

.... ? ........

_ _ .....

Wp,core/Wi,core
.92

r

. --I i L

i

, !

.88 i :

.84 : : i '

.80 ---- - ' ;_- :

1.0 1.1 1,2 1.3 1.4 1,5 1.6 1.7 1.8 1.9

CNPR

(a) Core only.

Figure A-3. Separate-flow exhaust system performance characteristics for configuration 701.

189



OperationMode:FanOnly
Bifurcator:Removed
Wing: Installed

0

Test Run Configuration

1001 14 70i

FA/Fi,fan

1.00

.98

,96

.94

.92

.9O

(

-c----6

z

Wp,fan/Wi,fan

1.04

1,00

.96

.92

,88

.84

.80

1.0

o---- <_i

__-- k

=....... _ t .... ! , =

I : i

• __L

1,1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

FNPR
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(b) Fan only.

Figure A-3. Continued.



OperationMode:Dual Flow
Bifurcator: Removed

Wing: Installed

0

Test Run Configuration

1001 15 701

FA/Fi

1,00

.98 ; _i
.... i--c, _: I _..
.... \ --

.96 \
"1--

.94 L i i

_I ........
.90 , i _ !

1.0 1.1 1.2

__ , J--

i ,

I

• _ _ ._

I

1.3 1.4

,-x- i i.... __w :

i ¸ ' i_..
.... i ;------

_--_i _-- __ ____L__
i I ! ' ;

1.5 1.6 1.7 1.8 1.9 2.0 2.1

I.....

I r--

i ....

i

FNPR

(c) Dual flow.

Figure A-3. Concluded.
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